This study evaluated the performance of a side-stream ceramic nanofiltration membrane bioreactor (NF-MBR) system with respect to basic water quality parameters as well as trace organic contaminant (TrOC) removal efficiency. The results show a stable biological performance of the continuous NF-MBR system with high effluent quality (total organic carbon < 4 mg L-1 and NH4 +-N below the detection limit). Significantly higher performance by this NF-MBR in comparison to the conventional microfiltration/ultrafiltration MBR regarding the removal of a large number of TrOCs was observed. TrOC removal efficiency depended on their hydrophobicity and molecular features. All hydrophobic compounds (LogD pH=6 > 3) were well removed (>85%), except diazinon (59 ± 7%). Hydrophilic compounds containing electron donating groups were also well removed (>90%). By contrast, hydrophilic compounds containing electron withdrawing groups were poorly removed (8-54%). Most of the 40 TrOCs investigated in this study did not accumulate in the sludge. Only three hydrophobic compounds, namely amitriptyline, triclosan and triclocarban showed considerable accumulation in sludge (>500 ng g-1). Mass balance indicated biodegradation/transformation as the most significant TrOC removal mechanism by this NF-MBR. were well removed (>85%), except diazinon (59 ± 7%). Hydrophilic compounds containing 24 electron donating groups (EDGs) were also well removed (> 90%). By contrast, hydrophilic 25 compounds containing electron withdrawing groups (EWGs) were poorly removed (8 -54%). 26
Introduction 35
from Sigma-Aldrich (Australia) with a purity of 99% or higher. A combined stock solution of 100
TrOCs was prepared in methanol and stored at -20 °C in the dark. TrOCs were spiked to the 101 synthetic wastewater to achieve a final concentration of approximately 750 ng L -1 of each 102 selected compound. 103
Laboratory scale NF-MBR set-up 104
A laboratory scale aerobic NF-MBR system was constructed for this study (Figure 1 ). The 105 system consists of an aerobic bioreactor and a side-stream ceramic membrane module 106 (Fraunhofer IKTS, Germany). The membrane module was 0.25 m in length with a total 107 effective membrane area of 0.033 m 2 . It has 7 channels with inner diameter of 6 mm. 108
According to the manufacturer, this membrane has a mean pore size of less than 0.9 nm. Two 109 peristaltic pumps (Masterflex L/S, USA) were used for recirculation and effluent extraction. 110
The effluent extraction pump was operated on an 8 min on and 2 min off cycle. The on/off 111 time aimed to reduce the stress of cross-flow intensity on biological flocs and to provide 112 relaxation time to the membrane module. The reactor volume was maintained at 4 L using an 113 automatic floating valve for feeding. An air pump was used to maintain dissolved oxygen 114 content of 7 ± 1 mg L -1 in the bioreactor via a diffuser located at the bottom of the tank. 115
Transmembrane pressure was monitored using two pressure gauges. The hydraulic retention 116 time (HRT), temperature and mixed liquor pH were 27 h, 21.0 ± 2.6 °C, and 6.0 ± 0.5, 117 respectively. A long HRT (corresponding to a permeate flux of 4.5 L m -2 h -1 ) was applied in 118 this system to maintain a relatively stable membrane flux and minimize membrane fouling so 119 that the focus of the study could be maintained on the evaluation of the TrOC removal. 120
Membrane cleaning was only conducted when the transmembrane pressure reached 40 kPa. 121
A cross-flowrate of 1.2 L min -1 within the membrane module was maintained for fouling 122 minimisation. The NF-MBR system was operated without sludge withdrawal except 123 sampling for MLSS concentration measurement (approximately 0.5% total mass per week). 124
During the period of TrOC addition, the system was covered with aluminium foil to prevent 125 any photodegradation. 126
[FIGURE 1] 127

Experimental protocol 128
6 phosphorus and trace metal ions for the growths of the microbes (Alturki et al., 2012 TrOCs then were introduced into the synthetic wastewater that was continuously fed to the 137 system. Supernatant samples were collected from the mixed liquor by centrifuging (at 3000g) 138 then filtering through 1 µm filter paper (Millipore, Australia). Over the last two weeks of the 139 experiment, mixed liquor samples were collected to determine the fate of TrOCs in solid 140 phase. 141
2.4
Analytical methods 142
Analysis of basic water quality parameters 143
Total organic carbon (TOC) and total nitrogen (TN) were analysed using a TOC/TN-VCSH 144 analyser (Shimadzu, Japan). NH4 + -N and PO4 The concentrations of cations (i.e. Fe, K, Mg, and Na) were determined using an Agilent 710 151 inductively coupled plasma optical emission spectrometry (ICP-OES) system (Agilent 152
Technologies, Australia). 153
Analysis of trace organic contaminants 154
Influent, mixed liquor and effluent samples (0.25 L) were collected for analysis of TrOC 155 concentration. Mixed liquor samples were centrifuged and then filtered through 1 µm filter 156 paper (Millipore, Australia). Aqueous samples were subjected to an analytical method 157 previously reported elsewhere (Phan et al., 2015) . Briefly, the isotope labelled surrogate stock 158 solution was added to each sample to obtain a concentration of 200 ng L -1 for each surrogate 159 standard. The aqueous samples were then extracted using 6 mL Oasis HLB solid phase 160 extraction (SPE) cartridges (Waters, Milford, MA, USA) followed elution with methanol (10 161 mL) and methyl-t-butylether (5 mL). The solvent was removed by evaporation under nitrogen7 liquid chromatograph (Agilent 1200 series, Palo Alto, CA, USA) coupled with tandem triple 164 quadrupole mass spectrometer (API 4000, Applied Biosystems, Foster City, CA, USA) 165 employed in both positive and negative electro-spray modes. 166
TrOC concentration in sludge was determined using a solvent extraction method described in 167 Wijekoon et al., (2013) . The sludge sample was freeze-dried using an Alpha 1-2 LD plus 168
Freeze Dryer (Christ GmbH, Germany). The dried sludge (0.5 g) was extracted successively 169 with 5 mL methanol and 5 mL dichloromethane -methanol (1:1v/v) by ultrasonic solvent 170 extraction. The solvent was then evaporated using nitrogen gas and the extracts were diluted 171 to 500 mL with Milli-Q water. The samples were then analysed as described above. Despite a low sludge concentration (MLSS of 2.1 ± 0.5 g L -1 ), high TOC removal (>95%) 182 was consistently achieved throughout the study (Figure 2 ). This TOC removal efficiency is 183 significantly higher than those observed for conventional MBR employed MF/UF membrane 184 (Phan et al., 2014; Wijekoon et al., 2013) . The observed improvement in TOC removal 185 performance can be attributed to the better retention capacity of the NF membrane. Indeed, 186 60% of suspended or colloidal/macromolecule bound TOC was removed by the NF ceramic 187 membrane. The supernatant TOC in the reactor and the effluent TOC were 10 ± 4 mg L -1 and 188 4 ± 2 mg L -1 , respectively. In addition, the MLVSS/MLSS ratio was 0.8, which is similar to 189 that in a typical biological reactor coupled with either MF or UF membranes. (Table 1 ). The results demonstrate that this NF8 expected, a low TN removal (23 ± 8%) was observed throughout the study (Figure 1 ). This is 196 due to the lack of anoxic condition in this system which is essential for denitrification 197 process. Similarly, no discernible biological phosphorus removal was observed (Table 1) . 198
Biological phosphorus removal requires sequential exposure of activated sludge to aerobic 199 and anaerobic conditions followed by sludge withdrawal (Phan et al., 2014) . Such 200 arrangement for nutrient removal was beyond the scope of this study. 201
The mixed liquor and effluent revealed similar conductivity (data not shown), indicating that 204 salts were not rejected by the ceramic NF membrane used in this system. This can also be 205 confirmed by examining the ionic composition of the influent, supernatant, and effluent 206 (Table 1 ). The results demonstrate that by deploying a relatively loose NF membrane (mean 207 pore size of 0.9 nm), ion rejection is negligible and salinity build-up in the bioreactor can be 208 avoided. As a result, stable biological performance of NF-MBR system was sustained. This 209 finding is in good agreement with a previous study by Zaviska et al., (2013) . 210 All hydrophobic TrOCs (i.e. log DpH=6 > 3) were removed by more than 85%, with diazinon 228 being the only exception (59 ± 7%). The observed high removal of hydrophobic TrOCs is 229 consistent with the literature (Table 2 ) and can be explained by their adsorption to sludge 230 particles. It is also noteworthy that the removal efficiencies reported here are within the upper 231 range when compared to values from conventional MBR systems (Table 2) . A 232 comprehensive literature review by Luo et al (2014b) showed that diazinon is highly 233 persistent to aerobic treatment (Luo et al., 2014b) . On the other hand, up to 90% removal of 234 diazinon by an anaerobic MBR has been reported by Wijekoon et al., (2015) . They attributed 235 this removal efficiency of diazinon by anaerobic MBR to the presence of N/S in the 236 compound molecular structure which renders it susceptible to activity of nitrogen/sulphur-237 reducing bacteria (Wijekoon et al., 2015) . Diazinon removal by aerobic MBR has not been 238 reported in the literature. Nevertheless, several bacterial strains can facilitate the degradation 239 of diazinon leading to the formation of diazoxon and oxypyrimidine due to the hydrolysis of 240 the ester bond (Abo-Amer, 2011). 241
Given their diverse molecular structure and functional groups, the removal of hydrophilic 242
TrOCs (i.e logDpH=6 < 3) varied significantly (Table 2) . Results reported here are consistent 243 with the qualitative frame-work for prediction of TrOC removal by aerobic MBR proposed 244
by Tadkaew et al. (2011) . Of the 40 TrOCs investigated in this study, 13 compounds 245 (dichloroprop, dilantin, meprobamate, primidone, TCEP, carbamazepine, simazine, DEET, 246 atrazine, diuron, diclofenac, diazepam and linuron) were poorly removed (8 -54%). The low 247 removal efficiency of these 13 TrOCs can be explained by the presence of EWGs (e.g. -Cl 248 and -CONR) in their molecular structures that renders these compounds less susceptible to 249 oxidative metabolism (Tadkaew et al., 2011) . 250
Results from this aerobic NF-MBR are also in good agreement with the literature. TrOCs 251 with EWGs in their molecular structure are well known for their persistence to 252 biodegradation. Removal of some compounds such as primidone, carbamazepine, DEET, 253 diuron and diclofenac were reported to significantly vary ( Table 2) In particular, as noted above and can be seen in Table 2 sludge. Three compounds (amitriptyline, triclosan and triclocarban) were accumulated in 307 sludge at significant concentrations (576 ± 23, 833 ± 54 and 1006 ± 124 ng g -1 , respectively). 308
The high sorption onto sludge of these three compounds was attributed to their very high 309 hydrophobicity. Triclosan and triclocarban have LogD at pH 6 of 5.34 and 6.14, respectively. 310
Hydrophobicity of amitriptyline changes significantly with pH. For example, it shows a 311 LogD of 3.21, 2.28 and 1.57 at pH 8, 7 and 6, respectively. Its hydrophobicity and resistance 312 to biodegradation possibly resulted in accumulation of amitriptyline in sludge that was also 313 observed in previous studies (Phan et al., 2014; Wijekoon et al., 2015) . Other hydrophobic 314 compounds such as phenylphenol, bisphenol A, t-octylphenol, nonylphenol showed little or 315 no accumulation in sludge, indicating their high biodegradation by the system. 316
[FIGURE 5] 317
To further clarify the fate of TrOCs during NF-MBR treatment, the mass balance of each 318 compound was calculated based on the total amount in influent, effluent and sludge. For well 319 removed TrOCs, biodegradation/transformation was found to play the most important role for12 2014; Wijekoon et al., 2013) . It is noted that this NF-MBR system was operated at low 322 MLSS concentration with minimum sludge withdrawal. Accordingly, contribution of sorption 323 on sludge was negligible for most of the compounds. Even for the compounds showing 324 significant concentration in sludge (e.g. amitriptyline, triclosan and triclocarban), the 325 contribution of sorption on sludge to their overall fate was insignificant (2 -4%). This result 326 demonstrated that NF membrane can be applied to develop an NF-MBR with high 327 biodegradation capacity. 328
[FIGURE 6] 329
Conclusions 330
Stable biological performance and high effluent quality were obtained with a ceramic NF-331 MBR system. Higher removal efficiencies by this NF-MBR compared to conventional 332 MF/UF MBR were observed for a large number of TrOCs. TrOC removal efficiency was 333 dependent on their physiochemical properties (hydrophobicity and the presence of EDGs or 334
EWGs in the molecular structure). All hydrophobic compounds (LogD at pH 6 > 3.2) were 335 well removed. Hydrophilic compounds containing only EDGs were also well removed, 336 whereas hydrophilic compounds harbouring EWGs were poorly removed. Significant 337 accumulation in the sludge phase was only observed for three hydrophobic TrOCs, namely 338 amitriptyline, triclosan and triclocarban. Mass balance showed that 339 biodegradation/transformation was the most important removal mechanism of TrOCs by this 340 NF-MBR. 341 
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